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ABSTRACT
We report measurements of the sky-projected spin-orbit angle for AUMic b, a Neptune-size planet
orbiting a very young (∼ 20Myr) nearby pre-main sequence M dwarf star which also hosts a bright,
edge-on, debris disk. The planet was recently discovered from preliminary analysis of radial velocity
observations and confirmed to be transiting its host star from photometric data from the NASA’s TESS
mission. We obtained radial velocity measurements of the Rossiter–McLaughlin effect for AUMic b over
the course of two partially observable transits and one full transit from high-resolution spectroscopic
observations made with the Minerva-Australis telescope array. We find that the planet’s orbit is
aligned with the spin-axis of its host star with a sky-projected spin-orbit angle of λ = 5+16−15
◦
. This
measurement is in excellent agreement with observations carried out on other instruments around the
same time. AUMic is the youngest exoplanetary system for which the projected spin-orbit angle has
been measured, making it a key data point in the study of the formation and migration of exoplanets
– particularly given that the system is also host to a bright debris disk. Given that we find this
system (star, planet, and disk) to be in near spin-orbit alignment, it seems likely that the planet
formed farther out beyond the ice-line and then migrated inwards to its current location via quiescent
migration through the disk, rather than through mechanisms that would excite the inclination of the
planet’s orbit.
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1. INTRODUCTION
Prior to the discovery of the first planets orbiting other
stars, our only laboratory for the study of planet forma-
tion was the Solar System. Whilst our planetary system
holds a great wealth of information on the way in which
planetary systems form and evolve (as described in de-
tail in the recent review by Horner et al. 2020), it rep-
resents just one possible outcome of that process. For
that reason, the discovery of the first exoplanets (e.g.
Campbell et al. 1988; Latham et al. 1989; Wolszczan &
Frail 1992; Mayor & Queloz 1995) led to a revolution in
our understanding of planet formation – giving our first
insight into the true diversity of outcomes for the planet
formation process.
One of the most startling discoveries of the exoplanet
era has been that of the so-called ‘hot Jupiters’ – giant
planets moving on orbits that almost skim the surface
of their host stars (e.g. Sanchis-Ojeda et al. 2015; Dai
et al. 2016; Vines et al. 2019). A number of mecha-
nisms have been proposed to explain the migration of
the hot Jupiters - ranging from planet-planet scattering
(e.g. Chatterjee et al. 2008; Beaugé & Nesvorný 2012)
to interaction with the material within the protoplane-
tary disk (e.g. Lin et al. 1996; Ward 1997; Tanaka et al.
2002; Alibert et al. 2005) – and even orbital excitation
by a distant companion of their host star, followed by
a process of tidal circularisation, locking the planet’s
orbit in at the distance of its periastron passage (e.g.
Wu & Murray 2003; Nagasawa et al. 2008; Nagasawa &
Ida 2011; Petrovich 2015). For a review of the different
processes that may play a role in the formation of hot
Jupiters, we direct the interested reader to Dawson &
Johnson (2018).
Distinguishing between these planet migration mecha-
nisms is currently a leading goal of exoplanetary science.
Each migration mechanism would result in a dramat-
ically different planetary system. A variety of obser-
vational methods can come together to identify which
have been active in a given system hosting a short-
period planet. Of particular interest here are observa-
tions of the ‘Rossiter-McLaughlin effect’ (Rossiter 1924;
McLaughlin 1924), which allows the sky-projected in-
clination (obliquity) of the planet’s orbit with respect
to the plane of its host star’s equator to be accurately
determined. Such observations have revealed a signifi-
cant population of strongly misaligned exoplanets (e.g.
Hirano et al. 2011a; Addison et al. 2013; Rodríguez
Martínez et al. 2019), including planets moving on retro-
grade orbits (e.g. Siverd et al. 2018; Temple et al. 2019).
In this context, it is particularly interesting to study
planets that have only recently formed, or are in the
process of formation and migration. The transiting
planet orbiting AU Microscopii, AU Mic b, is a par-
ticularly interesting target in this regard. AU Mic is
a young (23 ± 3 Myr, Mamajek & Bell 2014), nearby
(d = 9.725 ± 0.005 pc, Gaia Collaboration 2018)
M-type star (M1 V, Keenan & McNeil 1989), sur-
rounded by a substantial, spatially resolved debris disk
(e.g. Liu 2004; Kalas et al. 2004; MacGregor et al.
2013). It is known to host at least one planet - AU
Mic b, which transits its host every 8.46 days (Plavchan
et al. 2020). Additional planets in the system are sus-
pected from multi-wavelength radial velocity measure-
ments (Plavchan et al. 2020) and tentative evidence
of disk sub-structure at millimetre wavelengths (Daley
et al. 2019).
AU Mic’s disk has been imaged at a wide range of
wavelengths, revealing its orientation and extent (e.g.,
Kalas et al. 2004; MacGregor et al. 2013; Matthews et al.
2015; Holland et al. 2017). Overall, the disk architec-
ture is a single broad and co-planar belt oriented edge-
on, extending out to 210 au in scattered light (Kalas
et al. 2004), with the dust-producing planetesimal belt
located around 40 au from the star (MacGregor et al.
2013). Collisonal modelling of the disk suggested that
the disk should be dynamically cold (Schüppler et al.
2015); recent high angular resolution ALMA observa-
tions of the disk have resolved its vertical extent, find-
ing it to be vertically thin and unstirred. The disk ap-
pears to be well-aligned with AU Mic’s stellar equator
(Greaves et al. 2014), therefore planetary companions
might also be co-aligned. Under the assumption that
the disk is aligned with the equatorial plane of AU Mic,
measurement of AU Mic b’s obliquity offers a fascinat-
ing insight into the formation and evolution of a new
hot Neptune system.
In that light, we present herein the results of Rossiter-
McLaughlin observations of three spectroscopic transits
of AUMic b, observed by the Minerva-Australis ar-
ray (Addison et al. 2019). In Section 2, we describe
the radial velocity observations, Section 3 presents the
Rossiter-McLaughlin analysis and results, and we give
our conclusions in Section 4.
This work is complemented by three additional stud-
ies (Palle et al. 2020; Hirano et al. 2020; Martioli et al.
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2020), each of which investigated the transits of AU Mic
b that occurred in early 2020. Those papers were sub-
mitted in parallel to this work, and represent a suite of
new observations that describe the first ever studies of
the orbital alignment of such a young and newly formed
exoplanet.
2. OBSERVATIONS AND DATA REDUCTION
We carried out the spectroscopic observations of three
AUMic b transits using the Minerva-Australis facility
(Wittenmyer et al. 2018; Addison et al. 2019, 2020).
Minerva-Australis consists of an array of four indepen-
dently operated 0.7m CDK700 telescopes situated at
the Mount Kent Observatory in Queensland, Australia
(Addison et al. 2019). Each telescope simultaneously
feeds stellar light via fiber optic cables to a single KiwiS-
pec R4-100 high-resolution (R = 80, 000) spectrograph
(Barnes et al. 2012) with wavelength coverage from 480
to 620 nm.
We observed two partial transits on 31 May 2019 and
17 June 2019 and one full transit on 18 September 2019.
For the 31 May 2019 transit observation, we started ob-
serving AUMic at 13:19UT just prior to mid transit at
an airmass of 2.25 using two out of the four telescopes in
the Minerva-Australis array. Exposure times for these
observations were set to 1200 s with a duty cycle of 1250 s
(including all overheads), providing a signal-to-noise ra-
tio between ∼ 17 and ∼ 42 per resolution element at
∼ 550 nm. These observations continued until 17:50UT,
providing six in-transit and eight out-of-transit radial
velocities.
For the 17 June 2019 transit observation, observing
started at 12:14UT during transit egress and at an
airmass of ∼ 2 that decreased throughout the night,
and lasted for 4.25 hr until 18:34UT. Exposure times
were set to 900 s for this observation (total cadence of
950s) using three out of the fourMinerva-Australis tele-
scopes, yielding a signal-to-noise ratio between ∼ 13 and
∼ 24 per resolution element. A total of six in-transit ra-
dial velocities were obtained for this transit observation.
On 18 September 2019, we carried out a full transit ob-
servation of AUMic starting at 11:33UT (∼ 1 hr before
transit ingress) and continued until 16:04UT (∼ 15m
after transit egress). The airmass ranged from ∼ 1 to
∼ 2.9 throughout the observations. We set the expo-
sures to 900 s, yielding a signal-to-noise ratio between
∼ 13 and ∼ 24 per resolution element and 11 in-transit
and six out-of-transit radial velocities using three out of
the fourMinerva-Australis telescopes. One observation
taken during transit egress (BJD 2458745.147465278)
was affected by low signal-to-noise likely as a result of
poor guiding in all three telescopes and has been ex-
cluded from the analysis.
Radial velocities for the observations are derived for
each telescope by using the least-squares technique of
Anglada-Escudé & Butler (2012), where the template
being matched is the mean out-of-transit spectrum of
each telescope. Spectrograph drifts are corrected for us-
ing simultaneous Thorium-Argon (ThAr) arc lamp ob-
servations. The radial velocities from each telescope are
given in Table 1 for the transits observed on 31 May,
17 June, and 18 September, respectively, and labeled
by their fiber number. For the Rossiter-McLaughlin
analysis, we binned together observations taken at the
same time with each individual telescope as one obser-
vation. By binning the data across Minerva-Australis
telescopes, we avoid needing to account for the system-
atics common to all theMinerva-Australis radial veloc-
ities. We achieve a median internal precision of 16 ms−1
with the binned radial velocities and they are given in
Table 2.
Table 1. Minerva-Australis Radial Velocities for
AUMic for the three Transit Observations
Time Velocity Uncertainty Fibre
[BJD] [m s−1] [ m s−1]
31 May 2019 transit observations
2458635.055428 -4787 22 3
2458635.055428 -4882 17 5
2458635.069884 -4849 26 3
2458635.069884 -4698 20 5
2458635.084352 -4939 26 3
2458635.084352 -4880 22 5
2458635.098808 -4864 26 3
2458635.098808 -4758 24 5
2458635.113275 -4921 26 3
2458635.127743 -4838 26 3
: : : :
17 June 2019 transit observations
2458652.009942 -4660 26 3
2458652.009942 -4641 26 4
2458652.009942 -4556 24 6
2458652.020926 -4592 26 3
2458652.020926 -4653 26 4
2458652.031921 -4593 26 3
2458652.031921 -4586 26 4
2458652.031921 -4633 25 6
2458652.042905 -4580 24 3
2458652.042905 -4530 26 4
: : : :
18 Sept. 2019 transit observations
2458744.981713 -5208 31 6
Table 1 continued
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Table 1 (continued)
Time Velocity Uncertainty Fibre
[BJD] [m s−1] [ m s−1]
2458744.981713 -5237 24 4
2458744.981713 -5368 30 3
2458744.993333 -5193 28 4
2458744.993333 -5287 28 3
2458744.993333 -5312 38 6
2458745.002963 -5250 25 4
2458745.002963 -5253 25 3
2458745.002963 -5255 32 6
2458745.015000 -5201 38 6
: : : :
Note—Table 1 is published in its entirety in the machine-
readable format. A portion is shown here for guidance
regarding its form and content.
Table 2. Binned Minerva-Australis Radial Ve-
locities for the Three Transit Observations
Time Radial velocity Uncertainty
[BJD] [m s−1] [ m s−1]
31 May 2019 transit observations
2458635.055428 -4845.0 14.0
2458635.069884 -4754.0 16.0
2458635.084352 -4905.0 17.0
2458635.098808 -4806.0 18.0
2458635.113275 -4921.0 26.0
2458635.127743 -4838.0 26.0
2458635.142199 -4852.0 25.0
2458635.156667 -4835.0 24.0
2458635.171123 -4848.0 25.0
2458635.185590 -4852.0 25.0
: : :
17 June 2019 transit observations
2458652.009942 -4615.0 15.0
2458652.020926 -4622.0 19.0
2458652.031921 -4605.0 15.0
2458652.042905 -4532.0 15.0
2458652.053900 -4561.0 15.0
2458652.064884 -4528.0 15.0
2458652.075880 -4569.0 15.0
2458652.086863 -4526.0 15.0
2458652.097859 -4541.0 15.0
2458652.108843 -4514.0 14.0
: : :
18 Sept. 2019 transit observations
2458744.981713 -5266.0 16.0
2458744.993333 -5255.0 18.0
2458745.002963 -5253.0 16.0
2458745.015000 -5251.0 18.0
2458745.025995 -5246.0 21.0
Table 2 continued
Table 2 (continued)
Time Radial velocity Uncertainty
[BJD] [m s−1] [ m s−1]
2458745.038738 -5260.0 22.0
2458745.049850 -5265.0 18.0
2458745.060833 -5284.0 17.0
2458745.070613 -5273.0 17.0
2458745.084120 -5280.0 18.0
: : :
Note—Table 2 is published in its entirety in the
machine-readable format. A portion is shown here for
guidance regarding its form and content.
3. ROSSITER–MCLAUGHLIN ANALYSIS
We determined the sky-projected spin-orbit angle (λ)
for AUMic b from spectroscopic observations of the
Rossiter-McLaughlin effect using the Exoplanetary Or-
bital Simulation and Analysis Model (ExOSAM; see Ad-
dison et al. 2013, 2016, 2018). For this analysis, we per-
formed the fit on the three Rossiter-McLaughlin tran-
sit observations independently, as well as observations
phased to a single orbital period to fit them together
using radial velocities binned by telescope. For each
scenario, we ran 10 independent Metropolis-Hastings
Markov Chain Monte Carlo (MCMC) walkers each with
30,000 total accepted steps to sufficiently sample the
posterior distributions of the model parameters, giving
solutions for λ and the projected stellar rotational ve-
locity v sin i?, and their 1σ uncertainties.
Table 3 lists the priors, the 1σ uncertainties, and the
prior type of each parameter used in the modeling of
each transit and the phased transit. The results of the
MCMC analysis and the solutions for λ and v sin i? are
also given in Table 3.
For the Rossiter-McLaughlin analysis, we imposed
Gaussian priors on the model parameters from the re-
ported values in Plavchan et al. (2020) on the planet-to-
star radius ratio (RP /R?), mid-transit epoch (T0), or-
bital period (P ), impact parameter (b), semi-major axis
to star radius ratio (a/R?), and an inflated 10σ (weak
prior) on v sin i? of 8.7 ± 2.0 km s−1. Gaussian priors
were also imposed on the quadratic limb darkening coef-
ficients (q1) and (q2) based on interpolated values from
look-up tables in Claret & Bloemen (2011). We fixed
the orbital eccentricity (e) to 0, the adopted solution in
Plavchan et al. (2020). Uniform priors are used on the
radial velocity zero point (V0) of each transit (bounded
by reasonable intervals of ±200 ms−1 from the best
guess offset) and on λ between −180 and +180 degrees.
AUMic is a young star that displays significant chro-
mospheric activity (i.e., spots, plages, and flares. See
Spin-Orbit Alignment for AUMic b 5
e.g. Ibañez Bustos et al. 2019; MacGregor et al. 2020)
causing elevated levels of stellar signal in the radial ve-
locity data. The Minerva-Australis observations of the
three transits do indeed show strong evidence for stellar
activity in form of positive and negative radial veloc-
ity slopes. Given that the rotation period of AUMic
is 4.8 days, considerably longer than the ∼ 4 hr transit
duration and the length of each transit observation, the
changes in spectrum due to photospheric features are ex-
pected to be smooth (with the exception of flare events)
and can be fit for and removed from the data. To ac-
count for the radial velocity trends seen in the data that
can bias the results for λ and v sin i?, we first performed
the Rossiter-McLaughlin analysis on the binned data
of each transit with the radial velocity semi-amplitude
(K) fixed to 0 m s−1. We then fit a linear slope to the
residuals to the best-fit model and removed the slope
from the original binned radial velocities. The analysis
was performed again with the trends removed, result-
ing in a significant improvement in the overall fit to the
Rossiter-McLaughlin effect of all three transits. Next we
phased the flattened radial velocities to a single transit,
subtracting the best-fit velocity zero points found inde-
pendently for each transit, and repeated the Rossiter-
McLaughlin analysis.
The observations and the resulting best-fit models for
each individual transit and for the phased transit are
shown in Figures 1 and 2. We find the best-fit projected
spin-orbit angle from the phased transit as λ = 5+16−15
◦
.
We also performed the analysis using the Hirano et al.
(2011b) Rossiter-McLaughlin modeling with the Min-
erva-Australis data, which yielded consistent results.
Our results suggest that the orbit of AUMic b is well-
aligned to the spin-axis of its host star, assuming the
stellar spin-axis is nearly aligned with the sky plane.
This is in excellent agreement with the Palle et al.
(2020) result of λ = 6.6+11.6−12.4
◦
from Rossiter-McLaughlin
observations taken with the ESPRESSO spectrograph
on the Very Large Telescope array, the Hirano et al.
(2020) result of λ = −4.7+6.8−6.4
◦
from Doppler tomog-
raphy observations using the IRD spectrograph on the
Subaru telescope, and the Martioli et al. (2020) result
of λ = 0 ± 5◦ from Rossiter-McLaughlin observations
using the SPIRou spectrograph on the Canada-France-
Hawaii Telescope. The papers with these results have
been submitted in parallel with this paper.
Additionally, we determined v sin i? = 9.5+1.2−1.3 km s
−1
using the Rossiter-McLaughlin effect and this is in ex-
cellent agreement with value reported in Plavchan et al.
(2020) of v sin i? = 8.7± 0.2 km s−1.
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4. DISCUSSION & CONCLUSIONS
We have determined the sky-projected spin-orbit an-
gle of AUMic b from spectroscopic transit observations
of the Rossiter-McLaughlin effect obtained using the
Minerva-Australis telescope array. These observations
reveal that AUMic b appears to be on an orbit that is
aligned with its host star’s equator (λ = 5+16−15
◦
). This
system is also the youngest exoplanetary system to have
a spin-orbit angle measured, and one of only two younger
than 100Myr with such measurements (the other being
DS Tuc A, see, Newton et al. 2019; Benatti et al. 2019;
Zhou et al. 2020; Montet et al. 2020). The vast major-
ity of obliquity measurements to date have been made
for hot Jupiters orbiting earlier type and older main-
sequence stars (e.g., Winn & Fabrycky 2015). There-
fore, AUMic occupies a unique parameter space and is
an excellent laboratory for testing models of planet for-
mation and misalignment.
Given the low obliquity measured for AUMic b, it is
likely that the planet formed beyond the “ice-line” within
the protoplanetary disk around AUMic and then mi-
grated inwards as a result of its interaction with that
disk (e.g., see, Lin et al. 1996; Ida & Lin 2004; Al-
ibert et al. 2005; Wittenmyer et al. 2020) to its cur-
rent P ∼ 8.5 day orbit (for an opposing view on the
in situ formation of Jovian planets, see e.g., Batygin
et al. 2016). Further evidence to support this comes
from the fact that AUMic’s debris disk is observed to
be nearly edge-on from far-infrared and sub-millimeter
direct imaging (e.g., see Matthews et al. 2015), with a
small aspect ratio suggesting a dynamically cold plan-
etesimal population (Schüppler et al. 2015; Daley et al.
2019). Since AUMic b transits its host star, this strongly
suggests that the planet and the disk lie in the same
orbital plane. This then increases the likelihood that
the stellar inclination is also close to 90◦ (i.e., the stel-
lar equator is edge-on), since it can be expected that
protoplanetary disks from which planets form (and the
debris disks that mark the remnants of those disks at
later epochs) should be orthogonal to the stellar angu-
lar momentum vector (though see, Ngo et al. 2015, for a
mechanism on perturbing a protoplanetary disk out of
alignment at the epoch of star and planet formation ) as
a consequence of the stellar formation process (Toomre
1964; Pollack et al. 1996). As rough sanity check of this
assumed inclination, we estimate the R∗ sin i? given the
stellar rotation period of 4.84±0.04 days (Messina et al.
2011), and the v sin i? of 8.7±0.2 km s−1(Plavchan et al.
2020). This gives an R∗ sin i? value of 0.83 ± 0.02 R.
If this stellar inclination is 90 degrees, this gives a stel-
lar radius estimate that is higher than recent estimates
(see e.g. Houdebine et al. 2019), but not inconsistent,
given the difficulties in estimating the radii of pre-main
sequence stars. Therefore, the sky-projected spin-orbit
angle likely represents the true orbital obliquity of the
system, and the debris disk, planetary orbit, and stellar
equator all seem to be well-aligned.
It therefore appears unlikely that this planet expe-
rienced high-eccentricity driven migration in the past
(e.g., planet-planet scattering, Ford & Rasio 2008, or
Lidov-Kozai cycling with tidal friction, Fabrycky &
Tremaine 2007) given the low orbital obliquity and its
youth, but instead sedately migrated inwards via disk-
migration mechanisms (Lin et al. 1996). Giant planet
formation by the core-accretion model together with
type 1 and 2 disk migration to short period (< 10 day)
orbits are predicted to operate on timescales of less than
10Myr (see, e.g., Rice & Armitage 2003; Weidenschilling
2005; Armitage 2013). Since AUMic is a member of
the β Pictoris moving group, the star’s age is well con-
strained at 23 ± 3 Myr (Mamajek & Bell 2014). There-
fore, the planet’s formation by core-accretion and sub-
sequent migration via type 1 and 2 disk migration are
completely compatible with the observations.
AUMic now joins the ranks of the few systems that
are known to host both planetary and planetesimal com-
ponents (e.g. Kennedy et al. 2018; Yelverton et al. 2020),
making it an even more important analogue to the So-
lar System for studying the interplay between planetary
and debris components. Furthermore, determining the
obliquity distribution of young planetary systems like
AUMic will be crucial in establishing their formation
and migration histories, dynamical processes which have
a substantial impact on their architectures.
The all-sky transiting exoplanet survey TESS has be-
gun delivering new discoveries of young exoplanets orbit-
ing bright stars that are needed to establish this obliq-
uity distribution, and in the years to come, it is likely
that systems such as AUMic will prove pivotal in placing
the formation of our own planetary system in context.
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Figure 1. Telescope binned spectroscopic radial velocities of three AUMic b transits, plotted as a function of time (minutes
from mid-transit at 2458330.39143BJD) with the best fitting model (red-dashed line) and corresponding residuals. The top
row of figures (a-c) are the initial Rossiter-McLaughlin analysis before subtracting a linear slope to remove the trends apparent
in the data from stellar activity. The transit observation on 31 May 2019 is shown in (a), 17 June 2019 is shown in (b), and
18 September 2019 is shown in (c). The bottom row of figures (d-f) are the same transit observations as (a-c) but are the
best-fit Rossiter-McLaughlin models after removing the linear trends in the data from the fits to the residuals in (a-c). The
filled teal circles, orange X’s, and maroon triangles with error bars are the binned radial velocities obtained in this work on the
31 May 2019, 17 June 2019, and 18 September 2019, respectively. The colored points in the residuals plots are from the best-fit
RossiterâĂŞMcLaughlin model, and the lighter colored points are the residuals from the K = 0 ms−1 Doppler model with no
RossisterâĂŞMcLaughlin effect (blue-dashed line).
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